Activated sludge obtained from a municipal wastewater treatment plant was acclimated to methylene chloride at concentrations between 1 and 100 mg/liter by continuous exposure to the compound for 9 to 11 days. Acclimated cultures were shown to mineralize methylene chloride to carbon dioxide and chloride. Rates of methylene chloride degradation were 0.14, 2.3, and 7.4 mg of CH2Cl2 consumed per h per g of mixed-liquor suspended solids for cultures incubated in the presence of 1, 10, and 100 mg/liter, respectively. Concentrations of methylene chloride between 10 and 1,000 mg/liter had no significant effect on 02 
Activated sludge obtained from a municipal wastewater treatment plant was acclimated to methylene chloride at concentrations between 1 and 100 mg/liter by continuous exposure to the compound for 9 to 11 days. Acclimated cultures were shown to mineralize methylene chloride to carbon dioxide and chloride. Rates of methylene chloride degradation were 0.14, 2.3, and 7.4 mg of CH2Cl2 consumed per h per g of mixed-liquor suspended solids for cultures incubated in the presence of 1, 10, and 100 mg/liter, respectively. Concentrations of methylene chloride between 10 and 1,000 mg/liter had no significant effect on 02 consumption or glucose metabolism by activated sludge. A hypothetical model was developed to examine the significance of volatilization and biodegradation for the removal of methylene chloride from an activated sludge reactor. Application of the model indicated that the rate of biodegradation was approximately 12 times greater than the rate of volatilization. Thus, biodegradation may be the predominant process determining the fate of methylene chloride in activated sludge systems continuously exposed to the compound.
Simple chlorinated hydrocarbons, such as methylene chloride, are widely used as solvents for cleaning and extraction and for a variety of other industrial applications. These compounds may enter wastewater treatment systems as a result of spills or through the routine discharge of wastes. The substantial use of chlorinated hydrocarbon solvents raises the question of the fate and effects of these compounds in the environment, and specifically on sewage treatment processes.
For many years, methylene chloride has been generally considered to be non-biodegradable. Results of the biochemical oxygen demand test for methylene chloride indicate that negligible oxygen is consumed over a 20-day test period (The Dow Chemical Co., unpublished results). However, recent evidence indicates that certain bacteria are capable of utilizing methylene chloride as a source of carbon for growth. Brunner and Leisinger (4) and Brunner et al. (5) reported the isolation of a Pseudomonas species able to grow on methylene chloride. Growth on methylene chloride resulted in the release of chloride from the substrate. Rittmann and McCarty (12) have also reported the utilization of methylene chloride by sewage microorganisms. Batch culture experiments indicated that methylene chloride degradation was dependent on the size of the microbial population. However, it was impossible to determine whether complete mineralization occurred, since neither chloride release nor CO2 evolution was monitored.
The present study was conducted to investigate the fate and effects of methylene chloride in a system that simulates a municipal wastewater treatment plant. Experiments were conducted to examine the effect of methylene chloride concentration on both the acclimation of activated sludge and on the rate of biodegradation. Addi (13) . The solids were allowed to settle in the chamber, and the upper 7 liters of waste liquor was removed and replaced with 6.5 liters of deionized water and 65 ml of synthetic sewage stock solution (14) . The stock solution was composed of, per liter: glucose, 30 g; nutrient broth (Difco Laboratories, Detroit, Mich.), 20 g; K2HPO4, 13 g; and (NH4)2SO4, 2.5 g. The system was aerated at a rate of 500 ml/min by means of a sparger placed in the bottom of the vessel. The unit was operated on a daily fill-and-draw cycle with synthetic sewage and incubated at ambient temperature (21°C).
A preliminary study indicated that acclimation of activated sludge was necessary for the biodegradation of methylene chloride. Consequently, during incuba-tion, the unit was supplemented with an appropriate concentration of methylene chloride. Methylene chloride volatilized from the system was continuously replaced by the addition of an air-methylene chloride mixture. The mixture was prepared by passing air at a slow rate (<5 ml/min) through methylene chloride contained in a gas-washing bottle. The outlet port of the bottle was connected to a sparger that was placed approximately 6 in. (ca. 15.2 cm) above the bottom of the activated sludge unit. Concentrations of methylene chloride and chloride ion in the culture were monitored routinely during the acclimation period as described below. The flow rate of methylene chloridesaturated air was adjusted to maintain the desired concentration. Acclimation of the activated sludge microorganisms was inferred by detecting the continuous release of chloride in the system. Once acclimation was noted, the unit was incubated for several days until the release of chloride in the culture reached a constant rate. The pH of the system was monitored periodically and adjusted to pH 7.2 ± 0.2 by the addition of 1 N NaOH. Subsequently, the acclimated sludge was used in closed-bottle respirometer studies to investigate the overall fate of methylene chloride in the system. Biodegradation studies were conducted using an Oceanography International Corp. model E/BOD respirometer system. The respirometer flasks were modified ( Fig. 1) to facilitate the complete analysis of the transformation process. Each respirometer bottle (1.6 liters) is equipped with a manometric oxygen-generating system. As 02 iS consumed by the sample, it is regenerated electrolytically to maintain a constant atmosphere within the bottle. The apparatus is designed to generate 1 mg of 02 per min, and a timing circuit records the amount consumed. A stopcock valve inserted between the 02 generator and the bottle allowed isolation of the generator during removal of samples from the respirometer system. The bottles are equipped with a CO2 trap fitted with a screw-capped septum port. CO2 evolved during biodegradation is absorbed by an aliquot (5 ml) of 1 N NaOH in the CO2 trap. The absorbant can be removed and replaced using a syringe. A long glass sampling tube and modified glass syringe are utilized for removing samples of mixed-liquor for analysis.
Before assembling the respirometers, the acclimated sludge was supplemented with synthetic sewage and aerated for an additional hour to remove residual methylene chloride. Subsequently, 1-liter samples of activated sludge were dispensed into six respirometer bottles. "C-labeled methylene chloride was added (neat) to four of the units. Two of the respirometers containing methylene chloride were treated with HgCl2 (200 mg/liter) and served as killed controls for monitoring non-biological degradation. The remaining two respirometers did not receive methylene chloride and served as viable controls for monitoring endogenous metabolism. The respirometers were incubated for 50 h at ambient temperature (21°C). Samples of mixed-liquor were removed periodically for analysis. Methylene chloride concentration was determined by gas chromatography as described below. Chloride concentration in mixed-liquor samples was analyzed using an ion-specific electrode as described below. Inhibition studies. Activated sludge was equilibrated as above for 3 days on a fill-and-draw cycle with a defined sewage medium. For these studies, the defined sewage stock solution was composed of, per liter: glucose, 40 g; K2HPO4, 13 g; and (NH4)2SO4, 15 g. The laboratory-scale activated sludge unit was aerated at a rate of 500 ml/min and incubated at ambient temperature (21°C).
Inhibition studies were conducted in a manner analogous to the respirometer experiments previously described. One-liter aliquots of equilibrated sludge were dispensed into four respirometer bottles. Methylene chloride was added (neat) to three of the units at nominal concentrations of 10, 100, and 1,000 mg/liter. The remaining respirometer served as a control. The systems were incubated for 24 h at ambient temperature (210C). Samples of mixed-liquor were removed periodically from each respirometer for analysis of total organic carbon as described below. 02 consumption at each interval was read directly from the 02 recorders.
Analytical methods. Concentration of methylene chloride in activated sludge was determined by gas chromatogaphy. For experiments conducted at a methylene chloride concentration of 100 mg/liter, the analysis involved an isooctane extraction procedure similar to the method of Richard and Junk (11).
Samples (5 ml) of activated sludge were extracted with 5 ml of isooctane in 10-ml serum bottles. Aliquots (5 ,ul) of the isooctane extract were analyzed by direct injection as outlined below. Average recovery efficiencies for methylene chloride ranged from 89% at 10 mg/ liter to 79%o at 100 mg/liter. Concentrations of methylene chloride in activated sludge were not corrected for recovery efficiency.
For experiments conducted at concentrations of 1 and 10 mg/liter, methylene chloride in activated sludge was analyzed by a purge-and-trap procedure similar to the method of Bellar and Lichtenberg (2) . A HewlettPackard model 7675A purge-and-trap sampler was utilized for the analysis. The outlet of the sampler was plumbed, using V/16-in. (ca. 0.16-cm) stainless steel tubing, directly to the analytical column via a Tjunction fitting. The extra port of the fitting was adapted for use as an injection port. Exposed areas of the line were wrapped with a flexible heating tape and maintained at 200°C. Activated sludge samples (5 ml) were placed into sampling tubes and purged with helium at a rate of 20 ml/min for 20 min at ambient temperature. Methylene chloride volatilized from the sample was trapped on a small column (3 by 0.25 in.
[ca. 7.6 by 0.64 cm]) packed with Chromosorb 106 (Supelco, Inc., Bellefonte, Pa.). Adsorbed methylene chloride was injected directly into the gas chromatograph by thermal desorption of the trap column at 250°C for 5 min with helium as the carrier gas at a flow rate of 40 ml/min. Average recovery efficiencies for methylene chloride ranged from 88% at 1 mg/liter to 75% at 10 mg/liter. Methylene chloride concentrations in activated sludge were not corrected for recovery efficiency.
Gas chromatography was performed using a Hewlett-Packard model 5710A gas chromatograph with a flame ionization detector. The analytical column (glass; 6 ft by 0.25 in. [ca. 183 by 0.64 cm]) was packed with 1% SP-1000 on 60/80 Carbopak B (Supelco, Inc.). Compounds were eluted from the column isothermally at an oven temnperature of 150°C with a helium carrier gas at a flow rate of 40 ml/min. Output of the flame ionization detector was connected to a Hewlett-Packard model 3380S recording integrator. All values were calculated from peak area measurements. The instrument was calibrated by injecting 5 ,l of an external standard of methylene chloride prepared in isooctane.
The detector response was linear over the concentration range of interest.
Chloride concentration in activated sludge was determined using an Orion model 94-17 chloride electrode and model 701 specific ion analyzer. Measurement of the chloride concentration of activated sludge was affected by the high levels of suspended solids. Consequently, a sample addition method was employed. Samples (10 ml) of mixed-liquor were transferred into 90 ml of a solution containing 10 mg of NaCl per liter. Ionic strength of the solution was adjusted before analysis by the addition of 2 ml of 5 M NaNO3. The instrument was calibrated using standard NaCl solutions.
Total organic carbon was determined using a Beckman model 915B total carbon analyzer. Mixed-liquor samples were filtered through 0.45-,um membrane filters (Millipore Corp., Bedford, Mass.). A 5-ml sample of the filtrate was transferred to a 10-ml serum bottle, diluted with 5 ml of Milli-Q continental water (Millipore Continental Water Systems Corp., El Paso, Tex.), and acidified by the addition of 50 ,ul of 20% (wt/vol) H2SO4. The bottle was sealed, and the sample was purged with air at a rate of 15 ml/min for 30 min. Aliquots (50 p.l) of the sample were analyzed for total organic carbon. The instrument was calibrated using potassium biphthalate as the standard.
The concentration of MLSS in activated sludge was determined by gravimetric analysis (1) .
Radioactivity associated with various fractions of the respirometers was monitored by liquid scintillation counting. Radioactivity in the mixed-liquor fraction was analyzed by transferring duplicate samples (1.9 ml) to 10 ml of Aquasol scintillation cocktail (New England Nuclear Corp., Boston, Mass.). Radioactivity evolved as 14CO2 was determined at each interval by removing the absorbant in the CO2 trap and replacing it with a fresh aliquot. Samples (50 ,1l) of the absorbant were transferred in duplicate into 10 ml of Aquasol scintillation cocktail. Samples were analyzed using a Packard model 2425 liquid scintillation counter. Radioassay data were corrected for background and quenching, and the distribution of radioactivity in the respirometers was calculated with respect to the total activity initially present in the mixed liquor.
Materials. 14C-labeled methylene chloride was purchased from the New England Nuclear Corp. and was found to be 98% radiochemically pure. High-purity (Distilled in Glass Grade) methylene chloride and isooctane were obtained from Burdick and Jackson Laboratories, Inc., Muskegon, Mich. Nutrient broth was from Difco Laboratories. All other materials were of the highest purity commercially available and were used without further purification. RESULTS Acclimation of activated sludge to methylene chloride. Preliminary studies indicated that acclimation of activated sludge was necessary for the biodegradation of methylene chloride. Three activated sludge reactors were operated for 2 weeks on a daily fill-and-draw cycle with synthetic sewage and continuously exposed to nominal concentrations of 1, 10, and 100 mg of methylene chloride per liter. Acclimation of the cultures was inferred by detecting the continuous release of chloride in the systems (Fig. 2) . Maximum rates of chloride release were 1.3, 3.1, and 3.6 mg of chloride released h-l g of MLSS-1 for cultures exposed to methylene chloride concentrations of 1, 10, and 100 mg/ liter, respectively.
Fate of methylene chloride in activated sludge.
Closed-bottle respirometer studies were conducted using activated sludge previously acclimated to 10 mg of methylene chloride per liter.
Biodegradation of 14C-labeled methylene chloride (10 mg/liter) was monitored by observing the rate of disappearance of the parent compound, chloride release, and the evolution of 14C02 (Fig. 3) . Disappearance of the substrate was observed within 4 h, with a concomitant release of chloride (Fig. 3A) . The apparent devi- Timew Day) 1 4 Results indicated that concentrations of methylene chloride between 10 and 1,000 mg/liter had 14 l5 no significant effect on 02 consumption (Table 1) or total organic carbon removal ( chloride. The biodegradation of methylene chloride by lene chlo-activated sludge requires acclimation of the mi- (Fig. 3B) . crobial population by exposure to the compound ound was for a period of time. The requirement for accli-"CO-) was mation is consistent with the failure of the l11 material compound to degrade in tests of ready biodeed-control gradability, such as the biochemical oxygen detively.
mand test, in which acclimation may not occur. n identical Acclimation of a microbial population is thought tdation of to involve one or more of the following: (i) dge previ-induction or derepression of specific enzymes present at low or nonexistent levels in the population before exposure, (ii) selection of new metabolic capabilities as a result of genetic changes, and (iii) an increase in the numbers of organisms capable of a particular transformation (15) . Other factors, including the concentration of substrate and the availability of alternate carbon sources, have been reported to influence the acclimation of a microbial population (3) . The present study has demonstrated the ability of microorganisms present in municipal activated sludge to acclimate when exposed to methyl- (9) , the rate of volatilization (air stripping) can be written as a function of the aeration rate (Qa), the concentration of methylene chloride in the reactor (C), and a coefficient (P) describing the partitioning of methylene chloride between the air and water phases. The partition coefficient (P) is a dimensionless term and is related to the Henry's law constant by the equation, P = HIRT, where H is the Henry's law constant (meter3 atmosphere mole-1), R is the gas constant (meter3 atmosphere mole-1 degree Kelvin-'), and T is the temperature (degree Kelvin). Dilling (6) has reported a value of 0.11 for the partition coefficient of methylene chloride at 25°C. Thus, the rate of volatilization (K3) of methylene chloride from the activated sludge reactor is described by the equation: K3 = PQaC. For the purpose of the modeling exercise, the degradation of methylene chloride by activated sludge will be treated as a first-order reaction, where the rate of degradation is a function of the volume of the system (V), the concentration of methylene chloride in the reactor (C), and a constant (kb) describing the biodegradation rate. This approach is supported by the results obtained from the respirometer studies conducted at 1 and 10 mg/liter; graphs of the logarithm of methylene chloride concentration versus time gave a straight line. The first-order rate constant calculated for the degradation of methylene chloride was 1.4 h-1. Thus, the rate of biodegradation (K4) would be expressed by the equation: K4 = kbVC. Therefore, the overall mass balance for the activated sludge reactor can be written as follows: -V(dC/dt) = Q5,,Co -Q,C -PQaC -kbVC. At 
